Biofilm formation by Staphylococcus aureus on food contact surfaces is one of the most important issues for the food safety. The difficulties in controlling biofilms have driven the search for new antibacterial and antibiofilm agents from natural resources. The aims of the present study were to investigate the antibacterial and antibiofilm activities of the methanolic extract from Zanthoxylum bungeanum Maxim. leaves and identify the active compounds. By bioassay guide of inhibitory activity against S. aureus, four antibacterial compounds were separated from this extract and identified as neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid and 4-O-caffeoyl-2,3-dihydroxy-2-C-methylbutyric acid based on MS and NMR data analyses. The four compounds exhibited moderate antibacterial activity against S. aureus with minimum inhibitory concentration of 5 mg/mL. Moreover, a fraction consisted of the four compounds was subjected to antibiofilm assays against S. aureus. Crystal violet staining and XTT reduction assay demonstrated that this fraction showed an excellent inhibitory efficacy on the biomass and metabolic activity of S. aureus biofilm. Scanning electron microscopic observation displayed that this fraction induced severe morphological changes in the architecture of S. aureus biofilm, which further confirmed that it possessed a potent inhibitory activity on the biofilm formation of S. aureus. So, these results suggested that Z. bungeanum leaves could be used as an attractive and promising candidate for the development of natural antibacterial agent for controlling food-related bacterial biofilms.
Foodborne diseases continue to be a major threat to human health around the world. To date, more than 250 different foodborne diseases have been discovered, and bacteria are significant causative agents [1] . Among the leading bacteria, Staphylococcus aureus is considered as a primary strain that causes foodborne diseases [2] . S. aureus infections may cause nausea, vomiting, abdominal pain, diarrhea and other gastrointestinal problems [3] . The virulence of S. aureus is primarily due to its ability to produce enterotoxins and bacterial biofilm. Moreover, biofilm formation can generate bacterial resistance to several classes of antimicrobial agents, which has led to the control of S. aureus infections increasingly difficult [4] .
Synthetic preservatives have been widely used to prevent the microbial growth in food and extend the shelf life of food product. However, the potential side effects of these preservatives on human health have been controversial [5] . Additionally, the emergence of antibiotic resistant strains imposes high risk to consumers [6] . Thus, it is an urgent need to search for novel and safe natural antimicrobials. In recent years, various extracts and bioactive compounds from herbs and spices have been reported to possess antibacterial and antibiofilm activities [7] .
Zanthoxylum bungeanum Maxim., belonging to the Rutaceae family, is an aromatic plant which distributed in most regions of China and some Southeast Asian countries [8] . The pericarp of Z. bungeanum has been widely used as a pungent spice and seasoning for a long history [9] . Moreover, as a traditional Chinese medicine, Z. bungeanum has a variety of biological activities, including antioxidant, anti-inflammation, anti-tumor and antibacterial properties [8, 10] . Previous phytochemical studies have reported that various compounds are in the presence of Z. bungeanum extract such as flavonoids, alkaloids, polysaccharides, and terpenoids [9, 11] .
Although the antibacterial activity and chemical compositions of Z. bungeanum extract have been investigated, the related bioactive compounds are still elusive. Particularly, to our best knowledge, the antibiofilm activity of Z. bungeanum extract against foodborne pathogens has not been reported yet. Therefore, the present study was focused on identifying the antibacterial compounds in Z. bungeanum leaves together with exploring the antibiofilm activity against S. aureus. The bio-guided isolation scheme of antibacterial compounds 1-4 from Z. bungeanum leaves was shown in Figure 1 . The dried Z. bungeanum leaves were extracted with 70% methanol and the methanolic extract showed antibacterial activity against S. aureus with a MIC value of 20 mg/mL. The aqueous methanolic extract was fractionated with liquid-liquid separation, yielding aqueous layer and ethyl acetate layer. Considering the effective antibacterial activity of aqueous layer (MIC = 10 mg/mL) and the low content of ethyl acetate layer, the water fraction was loaded on a chromatography column to give five fractions. The fractions were evaluated for antibacterial activity by determining MIC against S. aureus. The result indicated that Fr. 1 showed no inhibitory activity against S. aureus, while Fr. 2-5 exhibited potential antibacterial activity with MIC values of 10, 20, 20, and 25 mg/mL, respectively. Hence, Fr. 2, the most active fraction, was then subjected to preparative HPLC, yielding the main active compounds 1-4. Compounds 1-3 had a UV absorption maximum at 325 nm. The ESI-HR-MS data on compounds 1-3 indicated that the molecular formula of 1, 2 and 3 was C 16 H 18 O 9 . In the 1 H-NMR spectra, three proton signals in the aromatic ring were observed for 1 ( H 6.77, J = 8.13, H-5';  H 6.93, J = 8.13, 1.66, H-6';  H 7.04, J = 1.88, H-2'), 2 ( H 6.77, J = 8.18, H-5';  H 6.94, J = 8.18, H-6';  H 7.04, J = 1.54, H-2'), and 3 ( H 6.78, J = 8.17, H-5';  H 6.96, J = 8.17, 2.02, H-6';  H 7.06, J = 2.02, H-2'), respectively. Two doublets at δ H 6.30 (H-8') and δ H 7.58 (H-7') with a high coupling constant (J = 15.85 Hz) indicated that 1 has a trans-configuration of a double bound between C-7' and C-8'. The trans-configuration for 2 and 3 was similar to that of 1. These data revealed the presence of a caffeoyl acid moiety. For MS-MS of [M-1] -gave an ion at m/z 191 corresponding to quinic acid moiety [12] . These NMR and MS data indicated the compounds 1-3 were chlorogenic acid isomers. In the 1 H-NMR spectra, H-3, 4 and 5 resonated as follows: 1 ( 5.35, 3.64 and 4.14 ppm), 2 ( 4.17, 3.72 and 5.33 ppm), and 3 ( 4.26, 4.80 and 4.29 ppm), respectively. From these data, H-3 in 1, H-5 in 2, and H-4 in 3 were shifted downfield from those of quinic acid moiety, which indicated that the hydroxyl groups of quinic acid were acylated with the caffeoyl acid moiety. Furthermore, the NMR data were similar to those in the literature [13] , compounds 1, 2 and 3 were identified as 3-p-trans-caffeoylquinic acid (neochlorogenic acid), 5-p-trans-caffeoylquinic acid (chlorogenic acid) and 4-ptrans-caffeoylquinic acid (cryptochlorogenic acid), respectively. , which were conjugated with a carbonyl group at  C 167.0 (C-9'). Two olefinic carbons were observed at  C 114.5 and 145.5 and their respective protons had a large coupling (J = 15.86 Hz), suggesting that there is a transp-caffeoyl moiety in the structure of 4. The HMBC correlations of 4 from H-7' at  H 7.46, H-8' at  H 6.20, H-4 ax at  H 4.05 and H-4 eq at  H 4.11 to C-9' at  C 167.0 confirmed the attachment of a caffeoyl moiety to C-4. In the COSY spectrum, an AMX-system was observed between H-4 ax at  H 4.05 and H-4 eq at  H 4.11 with H-3 at  H 3.83, suggesting that C-3 at  C 73.0 was connected to C-4 at  C 65.5. In the HMQC correlation, the methyl group was deduced to a sharp singlet at  H 3.80 (3H) in 1 H-NMR spectrum and its corresponding signal at  C 22.4 in 13 C-NMR spectrum, and showed long-range correlations with resonances at  C 176.8 (C-1) and  C 73.0 (C-3) in the HMBC spectrum. In addition, the protons H-4 and H-3 showed correlations with resonance at  C 75.5 (C-2) in the HMBC spectrum. So, it was suggested that the carbons C-1, C-3 and the methyl group were all linked to C-2 ( 75. The chemical structures of compounds 1-4 were shown in Figure 2 . Although compound 1 has been isolated from the leaves of Z. bungeanum [14] , the isolation of 2, 3 and 4 has not been previously reported. Especially, compound 4 is a unique caffeoyl derivative bearing 2-C-methyl-D-throonic acid moiety and found in Z. bungeanum species for the first time.
Compounds 1-4 were quantified with external standard calibration by HPLC analysis. The linearity equation, correlation coefficient, LOD and LOQ of compounds 1-4 were shown in Table 1 . The linearity equation y = 50928 x + 1 × 10 6 was used simultaneously for the quantification of compounds 1-3 because the three compounds have the same absorbance and relative molecular mass. The HPLC chromatogram of 70% MeOH extract at 320 nm was illustrated in Figure 3 . According to the peak area of individual compounds in the HPLC chromatogram and their corresponding linearity equation, the contents of compounds 1-4 in Z. bungeanum leaves were detected to be 94, 135, 71, and 276 mg/100 g of dry weight, respectively. As a result, the order of contents in the leaves of Z. bungeanum was 4 > 2 > 1 > 3.
The antibacterial activities of sub-Fr. 2 and compounds 1-4 were evaluated and their MIC and MBC values against S. aureus were presented in Table 1 . The results showed that all test samples exhibited consistent and moderate antibacterial and bactericidal activities against S. aureus. The MIC values of sub-Fr. 2 and compounds 1-4 against S. aureus were all 5 mg/mL, and their MBC values were all 10 mg/mL. Compounds 1-3 are caffeoyl quinic acids that were well known for their antibacterial effect [15] . Specifically, our results for compound 2 were in good agreement with a previous study which reported that chlorogenic acid showed antibacterial activity against various S. aureus strains with MIC values of 5 or 2.5 mg/mL [16] . Numerous studies have demonstrated that chlorogenic acid possessed antimicrobial activity against a broad range of bacteria such as S. aureus, Streptococcus pneumoniae, Bacillus subtilis, Escherichia coli, and Salmonella Typhimurium [16] [17] [18] . Compound 4 belongs to derivatives of caffeic acid and its inhibitory effect on S. aureus was probably attributed to the widely acknowledged antibacterial activity of caffeic acid [17] . Additionally, the antibacterial activity of sub-Fr. 2 was obvious because it mainly consisted of compounds 1-4.
Biofilm formation by pathogens on food processing contact surfaces causes many significant problems in the food industry and remains challenging [19] . The antibiofilm efficacy of sub-Fr. 2 was investigated by determining the biomass of S. aureus biofilm. Since an ideal antibiofilm agent is expected to exert no pressure on the growth of bacteria [20] , the concentrations below MIC value were used to assess the antibiofilm activity. As illustrated in Figure 4A 34.5% to 74.4%. This was probably because sub-Fr. 2 contained some other constituents that showed no antibiofilm activity. These results revealed that sub-Fr. 2 had a potent inhibitory effect on the biofilm formation of S. aureus.
The metabolic activity of S. aureus cells in biofilm was measured by XTT reduction assay. Tetrazolium salt can be reduced into a colored water-soluble formazan derivative by metabolically active bacterial cell [21] . The formazan product can be easily quantified by the absorbance at 490 nm and indirectly implies the total cellular viability of bacteria [22] . As shown in Figure 4B , sub-Fr. 2 significantly (p < 0.01) decreased the metabolic activity of the cells in S. aureus biofilm. The inhibition percentage was ranging from 31.1% to 65.4% when the concentration of sub-Fr. 2 increase from 1/8 × MIC to 1/2 × MIC. Meanwhile, chlorogenic acid also significantly (p < 0.01) inhibited the metabolic activity of S. aureus biofilm cells. However, no significant difference (p > 0.05) was observed between the sub-Fr. 2 treated group and chlorogenic acid treated group at the same concentration. These results demonstrated that sub-Fr. 2 dramatically decreased the cellular viability of S. aureus biofilm in a dose dependent manner, which further confirmed the antibiofilm activity of sub-Fr. 2 obtained from the biofilm biomass quantification. The decrease in metabolic activity of bacterial cells is a common physical change that facilitates the resistance of biofilm to antimicrobial agents [23] . The inhibitory effects of sub-Fr. 2 on both the biomass and metabolic activity of S. aureus biofilm were consistent with the observation that biomass and metabolic inhibition were positively related in most cases [24] . In the linearity equation, where y and x refer to the peak area and the concentration of the compound (g/ml), respectively. r 2 is the correlation coefficient. LOD, limit of detection; LOQ, limit of quantification. Content, mg/100 g dry weight of Zanthoxylum bungeanum leaves. MIC, minimum inhibitory concentration. MBC, minimum bactericide concentration. Formation of characteristic biofilm architecture is an important step in the development of bacterial biofilm [25] . To visually disclose the inhibition of sub-Fr. 2 on S. aureus biofilm, the alterations in superficial structure and morphology of biofilm induced by the presence of sub-Fr. 2 during biofilm formation was explored with SEM ( Figure 5 ). In the negative control, a large number of S. aureus cells were embedded in a matrix of extracellular biological material which was assumed to be exopolysaccharides. Multilayered cell clusters were in the presence of dense and complex biofilms. In contrast, after treated with 1/2 × MIC of subFr. 2, a collapse in the biofilm architecture was observed with an obvious reduction in the polymetric matrix. Small cell clusters and short chains were loosely attached to the surface of glass slides with little debris. Similarly, in the positive control, chlorogenic acid caused drastic destruction on the biofilm architecture, leading to scant biofilms formed by a few S. aureus cells. SEM analysis verified the potent inhibitory effect of sub-Fr. 2 on the biofilm formation by S. aureus. The complex 3D structure of S. aureus biofilm confers survival advantages to bacteria and generates bacterial resistance due to the ability to decrease the penetration of antimicrobials, capture positively charged molecules, and alter the physiological state of biofilm cells [26, 27] . Consequently, the remarkable disintegration efficacy of sub-Fr. 2 against S. aureus biofilm would undoubtedly decrease the resistance of sessile S. aureus cells to antibacterial agents.
In conclusion, the antibacterial constituents and antibiofilm activity of extract from Z. bungeanum leaves were investigated in this study. By bioassay guide of inhibitory activity against S. aureus, four antibacterial compounds were isolated from leaves of Z. bungeanum and identified as neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, and 4-O-caffeoyl-2,3-dihydroxy-2-Cmethylbutyric acid, respectively. Moreover, sub-Fr. 2, a fractionated Z. bungeanum leaves extract, exhibited a potent antibiofilm activity against S. aureus. Our results showed that sub-Fr. 2 significantly reduced the biomass and metabolic activity of S. aureus biofilm with a dose dependent manner, indicating the excellent inhibitory effect of sub-Fr. 2 on the biofilm formation by S. aureus. SEM analysis verified that sub-Fr. 2 induced dramatic destruction on the architecture and morphology of S. aureus biofilm. These findings suggested that Z. bungeanum leaves extract could be a potential source of natural antibacterial and antibiofilm agents in the food industry.
Experimental
General experimental procedures: Nuclear magnetic resonance (NMR) spectra were recorded with a Bruker AV II-600 instrument ( 1 H, 600 MHz; 13 C, 150 MHz; Bruker Co., Karlsruhe, Germany). The electron spray ionization-high-resolution mass (ESI-HR-MS) spectra were acquired on a Thermo Finnigan TSQ Quantum Ultra AM mass spectrometer system with an electrospray source operating in negative ion modes. Optical rotation was measured on a JASCO DIP-370 digital polarimeter. High performance liquid chromatography (HPLC) analysis was performed on a Shimadzu LC-6AD system consisted of a column oven (CTO-10AS vp, 30 °C), a diode array detector (SPD-M20A), and a reversed-phase column (Inertsil PREP-ODS-3, 4.6 × 250 mm i. d. with a particle size of 5 μm, GL-Science, Japan). Semi-preparative HPLC was performed for further separation using Inertsil PREP-ODS-3 column (20 × 250 mm i. d. with a particle size of 5 μm, GLScience, Japan) with a P270 preparative HPLC system (Dalian Elite Analytical Instruments Co., Ltd., China). Detailed analytical conditions are mentioned in each section. 
Extraction and isolation:
The leaves of Z. bungeanum were collected from Hanyuan city of Sichuan Province, China, and authenticated by West China School of Pharmacy, Sichuan University. The voucher specimen was dried and deposited at the Key Laboratory of Food Science and Technology of Sichuan Province, Sichuan University. Figure 1 shows the detailed extraction and separation scheme of compounds 1-4 from the leaves of Z. bungeanum. In brief, the dried leaves powders of Z. bungeanum (40 g) were added to 2000 mL of 70% methanol (methanol-water = 7:3, v/v) with continuous stirring for 24 h at room temperature. The extract was filtered and the filtrate was concentrated with a rotary vacuum evaporator to give 70% MeOH extract (13.2 g). This extract was then suspended in water (200 mL) and re-extracted with ethyl acetate (1:1, v/v) , and the liquid-liquid separation was repeated for three times. The aqueous layer (11.88 g) was applied on a Diaion HP-20 macroporous adsorption resin column Quantification by HPLC analysis: Quantification of compounds 1-4 was performed by HPLC analysis. Two solvents were applied for elution: solvent A was 0.1% (v/v) formic acid aqueous solution and solvent B was methanol. Gradient elution condition was programmed as follows: 0-30 min, linear gradient 10-40% B; 30-50 min, linear gradient 40-50% B; 50-60 min, linear gradient 50-100% B, and maintained constant at 100% B from 60 to 70 min. The injection volume was 20 μL and the flow rate was kept at 1 mL/min. UV absorption spectra were scanned in the range of 200-400 nm. Quantification was achieved by standard curves which constructed with five concentrations of individual corresponding purified compounds in ranges of 31.25-500 μg/mL. The linear regression equation was established by plotting the concentration (x) against the peak area (y). The limit of detection (LOD) and limit of quantification (LOQ) were calculated through the LabSolutions software system.
Determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC):
Staphylococcus aureus ATCC 29213 was obtained from the China Medical Culture Collection Center (Beijing, China). The MIC and MBC of the test sample were determined with broth microdilution method as our previously reported method [28] . In brief, S. aureus was inoculated into MHB and incubated at 37 °C overnight with shaking at 110 rpm to obtain logarithmic phase cells. The bacterial culture was then diluted with MHB to give an inoculum of 1 × 10 6 CFU/mL. Test samples were prepared in 50% DMSO and diluted with MHB to give serial two-fold dilutions as working samples which contain DMSO lower than 1%. Subsequently, 100 μL of the working samples and 100 μL of the bacterial inoculum were added into individual wells of a sterile 96-well microplate. MHB medium containing 1% DMSO was served as the negative control. The plate was observed after incubated at 37 °C for 24 h. The MIC was defined as the lowest concentration at which the broth in wells observed clear and transparent. Aliquots of 20 μL of the culture from all clear wells were sub-culturing on MHA and spread evenly. The MBC was defined as the lowest concentration at which visible bacterial growth was prevented after incubated for 24 h at 37 °C.
Determination of biomass of S. aureus biofilm:
The effect of the test sample on the biomass of S. aureus biofilm was evaluated by crystal violet staining assay as previously reported with slight modifications [29] . Briefly, the overnight culture of S. aureus grown in TSB with 1% glucose was diluted with the same fresh broth to about 1 × 10 6 CFU/mL. Then, 100 μL of the bacterial suspension and 100 μL of the test sample at sub-MICs were added into a 96-well microplate. Growth medium containing 1% DMSO was incorporated as negative control and chlorogenic acid as positive control. After incubation at 37 °C for 24 h, planktonic cells and medium were discarded and the wells were washed twice with sterile phosphate buffered saline (PBS, 0.01 M, pH 7. 
Evaluation of metabolic activity of S. aureus biofilm cells:
The effect of the test sample on the metabolic activity of S. aureus cells in biofilm was evaluated by XTT reduction assay according to a modified reported method [17] . The biofilm formation by S. aureus was achieved in the presence or absence of samples by the procedure described in the crystal violet staining assay. Chlorogenic acid was used as the positive control. XTT and phenazine methosulfate were dissolved in PBS to 1 mg/mL and 0.1 mg/mL, respectively. Working solution of XTT/phenazine methosulfate/PBS was freshly premixed at a volume ratio of 1: 1: 8 before each assay. After removal of planktonic cells, 120 μL of the working solution was added to each well. The plate was incubated in the dark at 37 °C for 3 h. The absorbance was measured at 490 nm with the microplate reader mentioned above. 
Scanning electron microscopic (SEM) observation:
The effect of the test sample on the morphology of S. aureus biofilm was observed with SEM according to the reported method with few modifications [22] . Briefly, 500 μL of logarithmic phase S. aureus cell suspension and 500 μL of different concentrations of test samples were added into each well of a 12-well microplate containing a round coverslip. After incubation at 37°C for 24 h, round coverslips were rinsed with PBS and fixed with 2.5% glutaraldehyde for 3 h at 4°C. The biofilm on the coverslip was then dehydrated with an increasing concentrations ethanol gradient (25%, 50%, 70%, 90% and 100%, respectively) at 4 °C for 10 min each. The coverslips were dried and sputter coated with gold prior to analysis with a JSM-7500F scanning electron microscope (JEOL, Tokyo, Japan).
Statistical analysis:
All experiments were performed in triplicate. The data were expressed as mean ± standard deviation and subjected to statistical analysis using SPSS v.21.0 software. The mean values were compared by one-way analysis of variance with a p value < 0.05 considered significant.
